Acetylene-reducing activity of detached pea nodules was determined by submerging the nodules in buffer solution [tris(hydroxymethyl)aminomethane-hydrochloride, pH 7.4] containing 100 mM sodium succinate and incubating under a gas phase of 90% 02 and 10% C2H2. The nitrogenase activity was 4 to 8 ,umol of C2H4 formed per g of nodule fresh weight per h and remained constant for at least 4 h. Addition of NH4Cl to the buffer solution (at a concentration of 10 mM or more) resulted in a significant decrease of nitrogenase activity, which was more pronounced at higher concentrations of ammonium chloride. The inhibition of nitrogenase activity by NH4Cl was reversible; when the NH4Cl-containing buffer solution was replaced by buffer without NH4Cl, the original activity was partly restored. Treatment of the nodules with NH4Cl had almost no effect on the amount of nitrogenase, as measured by the acetylene-reducing activity of ethylenediaminetetraacetate-toluene-treated bacteroid suspensions. The effect of NH4Cl was largely eliminated by simultaneous addition of 10 mM methionine sulfoximine to the assay solution. This suggests that the assimilation of ammonium ions by glutamine synthetase controls the functioning ofnitrogenase activity in the nodules. However, no effect of glutamine, glutamate, or aspartate on the acetylene reduction by detached nodules could be detected.
Addition of ammonium or nitrate ions to a legume-Rhizobium symbiosis influences the capacity of the system to fix atmospheric nitrogen (11) . If combined nitrogen is added when the symbiosis is still developing, further development is disturbed. If it is added when the symbiosis is fully developed, nitrogenase activity decreases gradually. The plant seems to prefer the uptake of combined nitrogen over the fixation of dinitrogen, possibly because it is more efficient in terms of energy consumption.
The physiological mechanism of this regulation in symbiotic systems is not well understood. More information is available about this process in free-living, nitrogen-fixing microorganisms like Azotobacter (8) , Klebsiella (26) , and Clostridium spp. (7) . In these, nitrogenase synthesis is blocked in the presence of NH4'. This repression is thought to be mediated by the NH4+-assimilating system, either by the enzyme glutamine synthetase itself or by the products of NH4' assimilation, amino acids (20, 23 ). An immediate effect of added NH4+ on nitrogenase activity, which was not due to repression, was observed by S. Brotonegoro (Ph.D. thesis, Agricultural University, Wageningen, The Netherlands, 1974 ). This effect is thought to be due to interference with the energy supply. Comparison of the nitrogen-fixing system of free-living bacteria with that of symbiotic systems is complicated by the regulation by the host plant of nitrogenase activity in the latter. Examples of such regulation are the supply ofphotosynthates to, and the transport of fixed nitrogen from, the nodules (18) .
Several effects resulting from the addition of combined nitrogen to a legume-Rhizobium symbiosis have been demonstrated. The distribution pattern of photosynthates in the plant is changed (14) , the synthesis of leghemoglobin in the nodule decreases (4, 6) , and the activity of certain ammonia-assimilating enzymes in roots and nodules is altered (9) . However, these studies do not show which is the primary effect.
In a previous study (13) it was demonstrated that the amount of nitrogenase in pea nodules is not diminished when nitrogenase activity of intact plants is reduced by the addition of ammonium chloride. It was also suggested that most of the nitrogen taken up by the plant does not reach the nodules and is probably assimilated in roots or shoots. To avoid the problem of interfering processes in the plant, it seems desirable to study isolated parts of the symbiotic system, in which the influence of the plant is at least partially eliminated. However, it should be clear that results obtained with detached nodules cannot be related directly to results obtained with whole plants. In the present study nitrogen compounds were added directly to detached nodules, and the effect on nitrogenase activity in these nodules was determined.
MATERLALS AND METHODS Plants. Pea plants (Pisum sativum L. cultivar 'Rondo') inoculated with Rhizobium leguminosarum PRE were grown in gravel with a nitrogen-free nutrient solution (15) in a growth chamber at 18 to 20°C and with a light intensity of 12,000 lx and an 8-h dark period. They were harvested at 27 to 31 days after sowing.
Detached nodules. Root nodules were carefully detached from the roots and kept on wet filter paper until use. The acetylene-reducing activity of detached nodules was measured as follows. Nodules (20 to 50 mg, fresh weight) were submerged in 1 ml of a 50 mM tris(hydroxymethyl)aminomethane-hydrochloride buffer solution (pH 7.4) containing 2.5 ,umol of MgC12 and 100 ,umol of sodium succinate in a 16.5-ml Hungate tube. The tubes were flushed with pure 02 for 10 min, and the reaction was started by the addition of acetylene, giving a gas phase of 90% 02 and 10% C2H2. During the assay, the tubes were shaken in a shaker bath at 24°C at a rate of 200 strokes per min. At regular time intervals ethylene was measured chromatographically. The effect of compounds to be tested was studied by adding these compounds to the assay solution before starting the acetylene reduction.
NH4CI uptake. The uptake of ammonium chloride by detached nodules when submerged in an NH4Cl solution was determined by using NH4Cl enriched with 50.9% "6N. After the`5NH4Cl treatment nodules were rinsed with water and dried, and their '5N content Roelofsen (22) . The exact methods for preparing bacteroid suspensions and for the determination of acetylene-reducing activity after EDTA-toluene treatment were described previously (13) .
Nitrogen determination. For the determination of the total N content of the nodules, digestion was performed by the Kjeldahl method, followed by distillation of the NH4' formed and determination of ammonia with Nessler reagent. The amount of free ammonium nitrogen was assayed after vacuum distillation (at 50°C and pH 9.4) of an 80% methanol extract of nodule brei.
RESULTS
Acetylene reduction by detached and submerged nodules. To test the effect of added N compounds on acetylene reduction by detached nodules, it was necessary to develop a method which would give reproducible results and a constant activity for at least several hours. In addition, these compounds had to enter the nodule. The acetylene reduction method with submerged soybean nodules as described by Sprent (21) seemed to be suitable for this purpose. Some preliminary experiments were carried out to find optimum conditions for the assay. An important factor was the oxygen concentration in the gas phase; highest activities were found with 90% 02 (Fig. 1) . When sodium succinate (final concentration, 100 mM) was added to the assay solution, the acetylene-reducing activity remained constant for 4 h. Lower concentrations of sodium succinate had less effect; sucrose was fully ineffective in stimulating the activity (Fig. 2 ). With 100 mM succinate an activity of 5 to 10 ,umol of C2H4 per g of nodule fresh weight per h was measured. This is about 15 to 30% of the activity of the intact system (plant with nodulated roots).
Effect of ammonium chloride. Results of an experiment with different concentrations of NH4Cl added to the assay solution are shown in Fig. 3 . There was a significant decrease in activity with NH4Cl at a concentration of 10 mM or more. Moreover, in the presence of NH4Cl the rate of the reaction decreased more than the rate without NH4Cl (Fig. 4) . The inhibitory effect of NH4Cl at a concentration of 10 Reversibility of the ammonium effect. It was of interest to determine whether the inhibition of nitrogenase activity by NH4Cl was reversible or irreversible. To decide between the two possibilities, nodules were incubated with 20 mM NH4Cl, and after several hours the solution was replaced by a solution without NH4Cl.
The acetylene-reducing activity was slowly restored after the removal of NH4Cl (Fig. 5) . Activity increased to about 65% of the activity of the control when NH4Cl was removed after 2 h and to about 45% when removal took place after 4 h. When NH4Cl was not removed, the activity decreased to about 5%. Potential nitrogenase activity of the nodules. Another way to obtain information on the nature of the ammonium inhibition of nitrogenase activity is to measure the potentially active nitrogenase present in the nodules. This nitrogenase activity was determined with isolated bacteroids after treating them with EDTA and toluene (22) . Detached nodules were incubated in buffer containing 25 mM NH4Cl or 25 mM KCl (control), and acetylene reduction was measured. After 2 and 3 h, nodules were washed, and bacteroids were isolated. As shown in Table 1 , the decrease in potential nitrogenase activity was much less pronounced than the decrease in nitrogenase activity of intact nodules. When the activity of the nodules was inhibited by NH4Cl to 40 and 80% (after 2 and 3 h, respectively), the activity of EDTA-toluene-treated bacteroids from these nodules was only 5 and 20%, respectively, less than that of the control. Thus, the decreasing activity, measured in the presence of NH4Cl, was not due to a decreasing amount of nitrogenase in the nodules.
Effect of MSX. To determine whether the assimilation of ammonium ions was interrelated with the effect of NH4Cl on nitrogenase activity, methionine sulfoximine (MSX) was used. This glutamine analog is known to be an inhibitor of glutamine synthetase in bacteria (5, 12) and higher organisms (16) ; the enzyme is present in root nodules of leguminous plants and probably has a key role in the assimilation of fixed nitrogen in higher plants (16) . Figure 6 shows that the inhibitory effect of NH4Cl at a concentration of 25 mM on the acetylene-reducing activity of detached nodules could be prevented by simul- taneous addition of MSX at a 10 mM concentration. Addition of MSX to the control assay with KCl had no effect on the nitrogenase activity. A lower concentration (1 mM) had no significant effect, whereas a higher concentration (100 mM) decreased acetylene-reducing activity both in the assay with NH4Cl and in the control with KCl. Methionine sulfone, another inhibitor of glutamine synthetase, which is less effective (5), did not show the same effect as MSX in combination with ammonium chloride (Table 2) .
Influence of amino acids on acetylene reduction. To determine whether the inhibition MSX the absorption of NH4-was reduced after 3 h of incubation. DISCUSSION The effect of nitrogen compounds on acetylene reduction by detached root nodules was studied by a method in which the nodules were submerged in buffer solution under increased oxygen tension, as described first by Sprent for soybeans (21) . This assay method has some advantages as compared with the method of incubating nodules on wet filter paper (1): acetylene reduction is prolonged for a longer period of time, results are more reproducible, and the addition of compounds is easier. However, the nodules are kept under rather unnatural conditions, and this must be considered when interpreting the results. Nevertheless, it seemed to be the best method to determine the nitrogenase activity of detached nodules, and, keeping in mind the restrictions, results can be compared with the effects of N compounds on nitrogenase activity of intact plants.
The oxygen concentration was an important factor for the acetylene-reducing activity of submerged nodules. Even at 90% 02 in the gas phase, oxygen supply to the nodules might be the limiting factor (Fig. 1) . However, this limitation also determines the activity of nodules on filter paper (1). The energy production necessary for the activity of nitrogenase can be achieved by the respiration of endogenous substrate still present in the nodule. This substrate seemed to be exhausted within 3 h (Fig. 2) (19, 24) . Under those cir-77 VOL. 37, 1979 on October 27, 2017 by guest http://aem.asm.org/ Downloaded from 78 HOUWAARD cumstances sucrose perhaps exerts an osmotic effect. The influence of succinate might be due to a prolonged energy production for nitrogenase activity; another explanation might be that oxygen damage of nitrogenase is reduced by an increased oxygen consumption in the nodule (but outside the bacteroids).
When ammonium chloride was added to the assay solution, the acetylene-reducing activity was lower than that in control assays with potassium chloride. This inhibition was more pronounced with higher concentrations of NH4C1 and with prolonged incubation periods (Fig. 3  and 4) . Therefore, ammonium ions had an effect on the nitrogenase activity of detached nodules comparable with the effect on the nitrogenase activity of intact plants (3, 4, 6, 13) . With detached nodules, the effect was detectable within a few hours, but with intact plants it took at least 24 h. In the plant, NH4' has to be taken up via the roots and is transported to other parts of the plant. In the meantime, there may be other effects of NH4+ on processes more or less related to nitrogenase activity, and, moreover, NH4' will be assimilated to amino acids. With detached nodules the effect of NH4' is expected to be more direct, and secondary effects due to the plant are thought to be excluded. Ammonium chloride can be directly taken up by the nodules, possibly via the wounds caused by detaching the nodules. When NH4Cl is added to the roots of intact plants, only transport via the shoot to the nodules is possible. It is not sure, in fact it is even rather improbable, that free NH4' reaches the nodules. It is, nevertheless, interesting to know whether the action of NH4Cl responsible for the nitrogenase inhibition in intact plants is the same as it is in detached nodules; comparison with NH4' effects on nitrogenase activity of freeliving nitrogen fixers (Azotobacter [8] , Klebsiella [26] , Clostridium [7] , Rhizobium [17, 25] ) might be interesting.
The observed effect of NH4Cl on nitrogenase activity of detached nodules could be due to repression of nitrogenase synthesis, which is one of the effects of added NH4Cl on free-living nitrogen fixers. The short period of time after which added NH4Cl exerts its inhibition on nitrogenase activity of detached nodules makes this suggestion unlikely. Also, results of the experinents with EDTA-toluene-treated bacteroids (Table 1 ) and the observed reversibility of the inhibition (Fig. 5 ) point in the same direction.
In a previous study (13) it was shown that primary effects of combined nitrogen on the nitrogenase activity of whole plants are not due to repression. Here, other processes were thought to be responsible for the inhibition, like APPL. ENVIRON. MICROBIOL. the repressed synthesis of leghemoglobin (4, 6) or the reduced supply to the nodules of carbon sources (14) . There may also be effects on NH4+-assimilating enzymes in the nodules (9) , which in turn may influence nitrogen fixation.
Inhibition of nitrogenase by NH4' does not seem to explain the observed effect of NH4Cl on nitrogenase activity of detached nodules either. A direct inhibition of nitrogenase activity in cellfree extracts ofnitrogen-fixing bacteria has never been demonstrated. In addition, the activity of isolated bacteroids is also unaffected by NH4Cl (2; Houwaard, unpublished data). A reasonable explanation for the ammonium effect could be an effect of NH4Cl on processes connected with nitrogenase, e.g., the provision of energy or reducing power for nitrogenase activity.
In view of the above statements, the observed effect of MSX (Fig. 6 ) is rather unexpected. This compound is thought to act by changing the conformation and/or activity of glutamine synthetase, which is connected with the synthesis of nitrogenase in free-living nitrogen fixers (12) . It might be that products of the ammonium assimilation are in fact the cause of the nitrogenase inhibition and that prevention of the assimilation would prevent this inhibition. On the other hand, it was observed that these products, amino acids such as glutamine and glutamic acid, are not inhibitory as such when added to detached nodules (Table 3 ). An explanation of these contradictory results might be that the decrease in nitrogenase activity in the presence of NH4Cl is due to a lack of energy. This might result from the consumption of C compounds at the ammonia assimilation level (as carbon skeletons or for energy production). Inhibition of NH4' assimilation would restore energy supply without NH4+. Another explanation of the observed effects might be that amino acids are still the inhibitory compounds, but are unable to penetrate the nodule or to reach the regulating site when added. An effect of MSX appeared to be the reduction of the uptake of NH4' by the nodules. However, this reduction cannot explain the effect of MSX on NH4' inhibition of acetylene reduction. The added MSX hardly had affected the NH4' uptake after 2 h, when the effect of NH4' on nitrogenase activity was already very pronounced. In experiments extending for a longer period of time, this effect of MSX cannot be ignored. The inhibition of NH4' uptake by MSX might be due to a buildup of NH4+ inside the nodule when the assimilation is blocked by inhibition of glutamine synthetase.
